A protein has been isolated from avian myeloblastosis virus that stimulates the rate and yield of DNA synthesis primed by viral RNA with purified viral polymerase. It specifically affects the viral polymerase and does not stimulate other DNA polymerases under the conditions tested. The viral polymerase, in conjunction with this protein, transcribes extended single-stranded regions of DNA, and permits the enzyme to initiate synthesis from single-strand breaks in DNA.
RNA tumor viruses contain a DNA polymerase capable of transcribing viral RNA into DNA (1, 2) . Studies in several laboratories (3) (4) (5) (6) (7) (8) with virions rendered permeable by treatment with nonionic detergents have established the following chronological sequence for DNA synthesis. The initial product is RNA -DNA hybrids, in which the RNA and DNA are covalently linked. This material is converted to noncovalent hybrids, and then eventually into single-and double-stranded DNA.
We and others (9-13) have shown that highly purified preparations of avian myeloblastosis virus (AMV) or Rous sarcoma virus DNA polymerase catalyze repair-like reactions on RNA, DNA, or RNA -DNA hybrids. Deoxynucleotide incorporation occurs specifically from 3'-OH ends of primer strands attached to template strands. The product of the reaction with AMV RNA is an RNA -DNA hybrid in which the DNA is covalently attached to the RNA (10, 13) . Only after prolonged incubation does material possessing characteristics of free DNA appear among the products (J. M. Bishop, personal communication). Evidence presented in this communication suggests that the latter observation is due to polymerase, and to an additional protein factor isolated from AMV.
MATERIALS AND METHODS
Avian myeloblastosis virus was a generous gift of Dr. J.
Beard, Duke University. [ 'H]Thymidine-labeled colicin EI DNA (586 cpm/nmol) was prepared by the method of Cozzarelli et al. (14) , and was a gift of Dr. M. Wright.
[3H]-Thymidine-labeled XDNA (9.3 cpm/pmol) treated with exonuclease III was prepared as described by Wickner et al. (15) , and was a gift of Dr. R. Wickner. Escherichia coli DNA polymerase II was prepared by the method of Wickner et al. (16) , and E. coli DNA polymerase III was prepared by a modification of the procedure of Kornberg and Gefter (17) . T4 DNA ligase was prepared by the method of Weiss and Richardson (18) , and was a gift of Dr. R. Silber. HeLa-cell DNA polymerase I (19) and R-DNA polymerase (20) were gifts of Dr. A. Weissbach, Roche Institute. Nuclease SI was prepared from Takadiatase powder (Sankyo Chemical Co., Japan) by the method of Ando (21) . The Purification of AMV DNA Polymerase. The DNA polymerase of AMV was purified from 2-3 g wet weight of plasmaderived virus by a modification of the purification procedure described by Hurwitz and Leis (9) . Polymerase activity was measured by d(AT) copolymer synthesis (9) , and by AMV RNA-primed DNA synthesis (10) . The crude extract prepared from detergent-treated virus was precipitated with solid (NH4)2SO4 (2.6 g added to 10 ml), and the insoluble material was collected by centrifugation at 105,000 X g for 10 min. The precipitate was extracted by suspension in a solution (1-2 volumes/g wet weight of ammonium sulfate precipitate) containing (NH4)2S04 (1.4g added to 10 ml), 5% glycerol, 20 The 2% ammonium sulfate fraction was diluted withl0% glycerol, 20 mM TrisVHCl (pH 8.4), 0.1 mM EDTA, 2 mM dithioerythritol (buffer B) to a salt concentration below 0.04 M ammonium sulfate (measured by conductivity), and was applied to a 50-ml Whatman P-li phosphocellulose column equilibrated with buffer B. The polymerase was eluted (9) with a 220-ml linear ammonium sulfate gradient (0-.4 M) in buffer B. Polymerase fractions eluted from the column were dialyzed against buffer B containing 65% glycerol for 3 hr at 4°o The specific activity of the major polymerase fraction, referred to as polymerase I, was greater than 1 9mol of nucleotide per mg per 30 min.
Isolation of AMV Stimulatory Protein. The AMV polymerase I fraction was diluted with 10%o glycerol, 20 mM sodium phosphate (pH 7.2), 2 mM dithioerythritol, 0.1 mM EDTA (buffer C) to a salt concentration less than 0.04 M ammonium sulfate, and was applied to a 7-ml P-11 phosphocellulose column equilibrated with buffer C. The protein peak that did not adsorb to the phosphocellulose was collected and dialyzed against buffer B containing 65% glycerol. These dialyzed fractions contained the AMV stimulatory protein at a concentration of 0.57 jig/ml. The AMV polymerase was eluted from the column with a 20-ml linear gradient of ammonium sulfate (0-0.4 M) in buffer C and dialyzed against the buffer B containing 65% glycerol for 3 hr at 4°.
The AMV polymerase, which elutes from the column at a concentration of 0.1 M ammonium sulfate, is referred to as AMV polymerase II, and has a specific activity of greater than 1 (Fig. 3A) . However, when both the AMV polymerase and the stimulatory protein were added, this XDNA was almost fully repaired (80% after 90 min of incubation, Fig. 3A) . With the stimulatory protein alone, no detectable nucleotide incorporation was detected. Thus, in the presence of stimulatory protein, the AMV polymerase can transcribe longer single-stranded regions of a DNA template than in its absence. Addition of stimulatory protein to reaction mixtures containing XDNA from which 50 nucleotides had been removed led to deoxynucleotide incorporation 2-to 3-times greater than the number of deoxynucleotides initially removed by exonuclease III treatment.
The AMV stimulatory protein appears to specifically affect AMV polymerase under the conditions tested (Fig. 3) . This factor did not affect the repair of the XDNA extensively treated with exonuclease III when added to mixtures containing the following DNA polymerases: E. coli DNA polymerases II or III (Fig. 3C) , DNA polymerase I and R-DNA polymerase isolated from HeLa cells by Weissbach and coworkers (19, 20) (Fig. 3B) , and Rauscher leukemia viral DNA polymerase (not shown). E. coli DNA polymerase II, however, was stimulated by the E. coli unwinding protein, confirming the results of Alberts and coworkers (personal communication). The E. coli unwinding protein had no effect on the AMV polymerase, in agreement with its reported specificity for E. coli (Fig. 4) . Colicin El DNA, a double-stranded covalently closed-circular DNA of molecular weight 4 X 106, is inactive as a template with AMV polymerase, regardless of the presence of the stimulatory protein. When a limited number of single-strand breaks were introduced in colicin El DNA with pancreatic DNase, a small amount of DNA synthesis catalyzed by AMV polymerase was observed. The addition of the-stimulatory protein, however, resulted in a marked increase in DNA synthesis. The stimulation was significantly reduced if the nicked DNA was repaired with T4 DNA ligase before the addition of AMV polymerase. Incubation of stimulatory protein and AMV polymerase II preparations with deoxynucleoside triphosphates and nicked salmon-sperm [5'-32P]DNA (1200 cpm/ pmol) prepared with polynucleotide kinase did not lead to detectable acid-soluble radioactivity. Since we have not detected any 5' to 3' exonuclease activity in either preparation, the above results suggest that AMV polymerase, in conjunction with the stimulatory protein, can synthesize DNA from single-strand breaks by strand displacement. In the absence of this factor, the purified enzyme is unable to catalyze DNA synthesis from single-strand breaks (9) .
RNA Template Specificity of Stimulatory Protein. DNA synthesis primed with AMV RNA is stimulated in the presence of stimulatory protein (Table 1) . AMV RNA heated at 800 for 2 min changes its sedimentation coefficient from 60 S to 35 S and smaller fragments, with a concomitant loss of priming activity (10, 23 activity of heat-treated RNA was recovered in the presence of stimulatory protein. A similar, though not as pronounced, stimulatory effect was observed with Rous sarcoma virus RNA. Again, 50% of the activity of the heated RNA was regained in the reactions run in the presence of stimulatory protein.
The stimulatory protein exhibits specificity in reactions primed with RNA. For example, RNA preparations isolated from bacteriophages f2 and QB in contrast to reactions primed with tumor viral RNA, were inhibited by the addition of the stimulatory protein (Table 1) . Variation in concentration of phage RNA or in time of incubation did not increase deoxynucleotide incorporation under these conditions. and 57 ng of stimulatory protein, in 0.2 ml. After 60 min at 380, the incubation mixture was diluted to 4 ml with a solution containing 5 mM EDTA, 0.25% Sarkosyl, 10 mM Tris HCl (pH 7.3), 0.3 M NaCl, and 0.3 M sodium citrate. CS2SO4 (2.7g) was added, and the solution was centrifuged for 65 hr at 33,000 rpm in a SW50.1 rotor at 250 in a polyallomer tube. Fractions were collected from a hole pierced in the bottom of the tube, refractive index was measured, and 0.05-ml aliquots were acidprecipitated and their radioactivity was determined. The recovery of 32p in this procedure was 60%. DNA product (0 O); density (--). (B) Fractions 15-18 from the Cs2SO4 gradient were combined and dialyzed against 4 liters of distilled water overnight at 4°. Two aliquots of the dialyzed material, each containing 4100 cpm, were (i) treated with 0.67 N NaOH for 30 hr at 380, then neutralized with HC1 or (ii) not treated. Both samples were diluted to 3 ml with 8 mM EDTA, 0.33% Sarkosyl, 16 mM Tris -HCl (pH 7.3), 0.4 M NaCl, 0.4 M sodium citrate. T7 ['H]-DNA (10,000 cpm) was added to each tube as an internal marker. CsCl (3.6 g) was added to each tube and the mixtures were centrifuged for 63 hr and analyzed as described above. The recovery of 32p from both aliquots was 70-80%. DNA product ( -); DNA product treated with alkali (0-O); density (-0-).
Strand Displacement in RNA-Primed Reactions. We have reported (10) that free DNA is not formed in reactions primed with AMV RNA in the presence of highly purified AMV polymerase. This observation was reexamined with the stimulatory protein present. DNA products labeled with [32P]_ dTTP during a 60-min incubation in the presence of stimulatory protein were analyzed by isopycnic banding in Cs2SO4 (Fig. 5A) . The DNA product banded not only at a density corresponding to that of RNA (1.68), indicating its hybrid structure, but also in the region corresponding to DNA. The latter material was isolated and rebanded in CsCl before and after treatment with alkali (Fig. 5B) . Tritium-labeled T7 DNA was added as an internal marker. The DNA product banded at a higher density than the reference marker, while the alkali-treated DNA product banded at a density coincident with the marker. These results suggest that the nucleic acid isolated from the DNA region after banding in Cs2SO4 contained small amounts of RNA linked to the DNA. Identical results were obtained after heat denaturation of the DNA product (1000 for 4 min), suggesting that the RNA component banding at the density expected of DNA was covalently attached.
DISCUSSION
These studies demonstrate an important role of an auxiliary protein in RNA and DNA transcription by viral RNAdirected DNA polymerase. The activity of this stimulatory protein was followed during purification by measurement of its ability to increase the yield of DNA synthesis in reactions containing AMV RNA and highly-purified polymerase preparations. The purified stimulatory protein fractions increase both the rate and yield of DNA synthesis by the polymerase. At the maximally stimulated rate, the yield of DNA synthesis relative to RNA added reached 40-50%.
In addition to increasing the rate of RNA-directed reactions, the stimulatory protein increased the rate of DNA synthesis in reactions primed with d(AT) copolymer or XDNA that had been treated extensively with exonuclease III. The latter observation is similar to those made with the E. coli unwinding protein in the presence of E. coli DNA polymerase II (Alberts, personal communication) and the T4 gene-32 protein with T4 DNA polymerase (24) . Like these bacterial proteins, the avian stimulatory protein appears to specifically affect its homologous polymerase. Unlike the T4 gene-32 protein (24) , the AMV stimulatory protein permits the AMV polymerase to use DNA containing single-strand breaks.
A disturbing feature of the viral polymerase reaction has been the relatively small size of the DNA polymers produced (5-7 S). With highly purified enzyme free of RNase and DNase, the products formed with RNA should depend upon the length of template regions transcribed. Previous studies on DNA priming indicated that the AMV polymerase was ineffective in repairing extensive single-stranded regions, and in this respect resembled DNA polymerase II and other DNA polymerases (15, 24) . If this observation is applicable to RNA, the extensive single-stranded regions of tumor viral RNAs should be copied to a limited extent. In the presence of the AMV stimulatory protein, however, the size of the DNA product should increase. A detailed study of the influence of the stimulatory protein on the size of the ONA products in now under investigation.
DNA products formed with viral RNA and purified AMV polymerase band at densities in Cs2SO4 (or CsCl) expected of RNA, indicating hybrid structures containing primarily RNA. When products were prepared in the presence of the stimulatory protein and analyzed by isopycnic banding, DNA appeared in both the RNA and DNA regions. The product that appeared in the DNA region after further analysis by isopycnic banding in CsCl contained covalently-attached RNA fragments. Thus the appearance of DNA covalently linked to small pieces of RNA and free of the 60S RNA complex is mediated by the action of the stimulatory protein.
We believe that these small RNA fragments are hydrogenbonded to the 60S AMV RNA. How these fragments arise is unclear, but we have demonstrated with our RNA preparations that DNA synthesis is initiated at 12-15 3'-OH ends per 60S RNA, as measured by nearest-neighbor freDouble-stranded DNA has been found among the products of the RNA-directed DNA polymerase isolated from virions (3) (4) (5) (6) (7) (8) . We have observed the formation of some doublestranded DNA with purified polymerase and AMV RNA, as reported by Bishop and coworkers (personal communication). In addition, DNA prepared by alkaline digestion of RNA -DNA hybrids supports deoxynucleotide incorporation with purified AMV polymerase preparations. Most of the product of this reaction is resistant to digestion by nuclease S1 before and after heating. Since nuclease S1 specifically attacks single-stranded DNA, these results suggest that double-stranded and nondenaturable DNA products most likely arise through an intramolecular hair-pinned structure, as postulated for DNA polymerase I (25). The denaturable duplex DNA generated by permeabilized virions could arise through endonuclease action on nondenaturable DNA products.
